Using a Polaron E7200 quick freeze unit, we investigated the distribution of vesicles (caveolae) bound to the plasma membrane of aortic endothelial cells from adult Sprague-Dawley rats. Counts of caveolae from replicas of rapidly frozen, unfixed samples were made and compared with counts from both aldehyde-fixed, conventionally frozen, and rapidly frozen aortic samples. Aldehyde-fixed samples prepared for freeze fracture by either of the freezing methods revealed a significantly greater number of caveolae than did unfixed, rapidly frozen samples. These findings suggest that the relative number of caveolae is artifactually increased by exposure to aldehyde fixatives. We conclude that previous estimates of the rates of pinocytotic activity in vascular endothelial cells may contain substantial errors based on overestimates of caveolae and underestimates of subplasmalemmal 'free' vesicles. (Circ Res 53: 424-429, 1983) 
SUMMARY. Using a Polaron E7200 quick freeze unit, we investigated the distribution of vesicles (caveolae) bound to the plasma membrane of aortic endothelial cells from adult Sprague-Dawley rats. Counts of caveolae from replicas of rapidly frozen, unfixed samples were made and compared with counts from both aldehyde-fixed, conventionally frozen, and rapidly frozen aortic samples. Aldehyde-fixed samples prepared for freeze fracture by either of the freezing methods revealed a significantly greater number of caveolae than did unfixed, rapidly frozen samples. These findings suggest that the relative number of caveolae is artifactually increased by exposure to aldehyde fixatives. We conclude that previous estimates of the rates of pinocytotic activity in vascular endothelial cells may contain substantial errors based on overestimates of caveolae and underestimates of subplasmalemmal 'free ' vesicles. (Circ Res 53: 424-429, 1983) ENDOTHELIAL cells contain numerous vesicles throughout their cytoplasm, many of which are near the plasma membrane. Some of the vesicles contact the membrane of the cell, forming flask-shaped pits called caveolae. Most of the smooth-surfaced vesicles and caveolae are thought to be involved in the process of 'fluid-phase' micropinocytosis, whereas the occasional coated pits and coated vesicles function in adsorptive or selective pinocytosis (Roth and Porter, 1964; Kanaseki and Kadota, 1969; Lagunoff and Curran, 1972; Roth et al., 1976; Goldstein et al., 1976; Fawcett, 1981) .
The flattened morphology of endothelial cells makes them especially useful for freeze fracture analysis of surface membranes. The cells are readily identifiable in freeze fracture replicas (Yamamoto et al., 1976) , and, because of their thinness, are easily prepared by rapid-freezing techniques. Numerous studies have utilized freeze fracture and transmission electron microscopy to describe the vesicle and caveolae populations in endothelial cells in an effort to gain some understanding of the normal permeability characteristics of this cell layer (Schneeberger and Karnovsky, 1968; Palade et al., 1979; Simionescu et al., 1974; Johansson, 1979; Gil and Silage, 1980; McGuire and Twietmeyer, 1983; Chien et al., 1982; Gil, 1983) . These studies used the standard preparatory techniques of aldehyde fixation and glycerol cryoprotection. With the introduction of the rapid-freezing device, the possible artifactual effects induced by these "standard' preparatory techniques may be avoided (Van Harreveld and Crowell, 1964; Van Harreveld et al., 1974; Heuser et al., 1976) . Recently, the effects of glutaraldehyde fixation on the relative proportion of caveolae have been ques-tioned by Bretscher and Whytock (1977) , using rapidly frozen fibroblasts in culture. Due to the large number of pinocytotic vesicles present within endothelial cells, they may provide a more suitable model for the study of vesicle distributions and the membrane events related to the process of trancellular transport. In this study, we report on the morphology of rapidly frozen, unfixed aortic endothelial cells, and compare the distribution of caveolae in these cells with those seen in glutaraldehyde-fixed samples.
Methods

Preparation of Glutaraldehyde-Fixed Samples
Nineteen male Sprague-Dawley rats, 200-300 g, were used in this study. One group of five rats was anesthetized by an intraperitoneal injection of sodium pentobarbital (0.1 ml/100 g body weight), and the thorax was opened and the heart exposed. Cannulation of the left ventricle with an 18-gauge needle preceded the perfusion of approximately 150 ml of rat Ringers solution (pH 7.3, containing 10 U/ml of heparin). The right atrium was snipped to allow the drainage of blood and perfusate from the system. Perfusion of the Ringers solution was immediately followed by perfusion of 200 ml of fixative containing 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.3, and 300-400 mOsm.
All solutions were wanned to 37°C and aerated with 95% O 2 -5% CO 2 before use. Perfusions were carried out using a gravity infusion apparatus standardized to the approximate systolic blood pressure of the animal with a Statham P23ID pressure transducer. After perfusion, the distal 2 mm of the thoracic aorta was removed and processed for either freeze fracture or conventional thin section electron microscopy.
Conventional Freeze Fracture of Aldehyde-Fixed Samples
Two samples of each artery were cryoprotected before freezing by slow infiltration over a 30-minute period with a 30% glycerol solution in phosphate buffer. The samples were placed between two gold double-replica supports, immersed in a bath of liquid nitrogen cooled Freon 12, and immediately transferred to a bath of liquid nitrogen. The frozen samples were loaded onto the precooled (-170°C) stage of the Balzers 301 freeze etch device and cleaved at -110°C and 2 X 10" 6 torr, followed immediately (<1 second) by shadowing with a layer of platinum/ carbon. The replicas were cleaned in 100% Chlorox bleach and 40% chromic acid, rinsed in distilled water, mounted on copper grids, and viewed in a Phillips 400T electron microscope.
Preparation of Unfixed, Rapidly Frozen Samples
In a second group, five rats were killed by cervical dislocation, and the distal portion of the thoracic aorta of each was removed and placed in Dulbecco's modified Eagles medium (37°C, pH 7.3). The aortic samples were maintained in the medium for up to 5 minutes, while the copper block of the Polaron E7200 "Slammer' quick freeze unit cooled to the proper temperature (-196°C) . The samples were rapidly frozen by contact with the cold copper block, and replicas were obtained, as previously described, except that single replicas were made.
An additional experiment was done to determine whether the use of pentobarbital anesthesia had any effect on the distribution of caveolae, compared to those samples obtained following cervical dislocation. Two rats were anesthetized with sodium pentobarbital, as described above, and processed for rapid freezing.
Control Samples
Four rats were killed by cervical dislocation, and the distal portion of the thoracic aorta was removed and placed in growth medium. Tissue was maintained in Dulbecco's medium for up to 5 minutes, removed, and fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer for 24 hours. Pieces of the aorta were rapidly frozen and fractured as described above.
Freeze Substitution
Unfixed, aortic samples were obtained from three rats, rapidly frozen on the "slammer" device, and prepared for freeze substitution fixation. This method of "cryopreservation" provides another method for analyzing the vesicle distribution in the endothelial cells in the absence of initial chemical fixation. The frozen samples were placed into a vial of 4% OsO 4 in 100% acetone at -80°C for 12-24 hours. The samples were then warmed to -20°C in steps of 10°C (1 hour each), and left at -20°C for an additional 12 hours. After an acetone rinse (4°C), they were transferred sequentially to solutions of 1:1 acetone:propylene oxide and 100% propylene oxide before being embedded in Epon/Araldite. Thin sections were cut and stained with 4% uranyl acetate and lead citrate.
Morphometric and Statistical Analysis
The number of caveolae/^m 2 of membrane surface was determined on 60 micrographs from each group. Stereo imaging allowed selection of the flattest areas of the freeze fracture replicas for the purpose of caveolae counting. Negatives of suitable areas were printed at a final magni-fication of 50,000x. Caveolae were counted from three areas representing 1 ^m 2 on each micrograph. Data were analyzed by Student's Mest, with differences considered statistically significant at the P < 0.05 level.
Results
Aldehyde-Fixed, Conventionally Frozen Samples
Aortic endothelial cells form a continuous cell layer approximately 0.5 fim thick which lines the lumen of the vessel wall and is separated from the underlying internal elastic limiting membrane by a narrow subendothelial space (Fig. 1) . The peripheral margins of adjacent endothelial cells overlap and contain tight junctional elements providing a "weak" barrier to intercellular permeability, and numerous gap junctions providing ionic or metabolic communication (Fig. 2) . Figures 3 and 4 show the high density of surface caveolae present as 35-to 50-nm indentations of the protoplasmic or P-face of the endothelial membrane in fixed cells. Caveolae are absent in the peripheral regions of the membrane near the areas of cell overlap, but are at a high density in the central portions of the cell (Fig. 4) . Numerous characteristic 14-nm intramembrane particles are also present, interspersed among the caveolae, the majority of which associate with the protoplasmic face of the membrane (Fig. 5 ). These particles are rarely associated with the caveolae in any specialized manner (rosettes), as has been reported in pulmonary endothelial cells by Smith et al. (1973) . Counts from the flat areas of the membrane revealed an average of 67.62 caveolae/^m 2 of membrane surface (Table 1) .
Rapidly Frozen Unfixed Samples
Replicas of endothelial cells frpm rapidly frozen aortic segments revealed fewer caveolae attached to 6-7) . The unfixed, rapidly frozen endothelial cells contained an average of 20.02 caveolae/^m 2 of membrane surface, significantly less than are found in the fixed aortic samples (Table 1 ). The number of caveolae in rapidly frozen endothelia of pentobarbital anesthetized rats (21.34/^m 2 ) did not differ significantly from those of non-anesthetized rats, and are not included in Table 1 . 
Aldehyde-Fixed, Rapidly Frozen Samples (Control)
Samples of aortic endothelium fixed by immersion in 2.5% glutaraldehyde and rapidly frozen revealed 62.34 caveolae/Aim 2 of membrane surface, a number not significantly different from that found in the perfusion fixed samples frozen by immersion in Freon 12 (Table 1) . Figure 8 shows the distribution of vesicles and caveolae in an aortic endothelial cell which was rapidly frozen and fixed for thin sectioning by freeze substitution methods. Fewer caveolae are seen attached to the luminal and abluminal plasma membranes of this cell compared to an aldehyde fixed sample (Fig. 1) . Many of the vesicles are, instead, located throughout the cytoplasm or just beneath the plasma membrane.
Freeze-Substituted Samples
Discussion
The results of this study have shown nearly a 70% decrease in the number of caveolae found in aortic endothelial cells prepared for freeze fracture by the rapid-freezing technique, compared with those cells prepared by glutaraldehyde fixation.
A variety of hypotheses regarding mechanisms of transendothelial transport are based upon morphological interpretations of endothelial cells and their vesicles. An important question underlying all of these interpretations concerns the effects that aldehyde fixation has on the native morphology of vesicles in the endothelial cell.
An assumption has been made that aldehydes stop cell movements and membrane fusion events rapidly enough to reflect the actual vesicle morphology seen in living tissue. However, this assumption may be erroneous. Buckley (1973) has shown that cytoplasmic streaming and Brownian motion persists for up to 1 minute after the application of glutaraldehyde to cells in culture. Characteristic membrane fusion intermediates were reported by chandler and in aldehyde-fixed, glycerinated sea urchin eggs, but were absent from rapidly frozen eggs, indicating artifacts of preparation due to chemical exposure. Postfixation membrane mobility was also demonstrated in corneal fibroblast cells, by Hasty and Hay (1978) , by the presence of membrane blisters.
Work by Rash (1980, 1981) has Circulation Research/Vol. 53, No. 3, September 1983 shown that the active cross-linking agents produced from glutaraldehyde precursors involved in bridging adjacent primary amino groups include pyridines and pyridine polymers. Because only a portion of the membrane lipids contain free primary amino groups, many of the lipids will not be fixed immediately, and thus remain in a mobile state allowing vesicles to either pinch off or fuse with the plasma membrane. The work of Buckley (1973) and Chandler and Heuser (1979) suggests that fixation with glutaraldehyde occurs more rapidly at the cell surface, and that the penetration of glutaraldehyde into the cell and fixation of the cytoplasm are much slower. This may indicate that, following initial exposure to glutaraldehyde, many cytoplasmic vesicles are still capable of directed morion and may move to the surface of the cell and fuse with the plasma membrane, thereby giving an unrealistic view of the relative number of vesicles and caveoiae.
With the development of the rapid freezing device, it is now possible to preserve cells in a state more closely resembling their native morphologies, particularly cell membranes and membrane-associated structures. It has also been shown that the volume and distribution of the extracellular and intracellular constituients of many types of tissues are preserved during the rapid-freezing process (Rash, 1983; Van Harreveld et al., 1965; Terracio et al., 1981) . Previous studies have shown that the rate of freezing with a liquid helium-cooled copper block is between 0.5 and 1.0 ^m/sec. (Dempsey and Bullivant, 1976; Heuser et al., 1979; Van Harreveld and Trubatch, 1979) . A copper block cooled to -196°C with liquid nitrogen was used in this study; therefore, the freezing rates may be slightly slower than those previously reported. A number of investigators have reported that the portion of rapidly frozen tissue which is optimal for ultrastructural examination includes the surface and the first 10 to 15^m deep to the contact surface, below this level ice crystals form and distort the fine structural details of the tissue (Van Harreveld et al., 1965 Dudek et al., 1981; Terracio et al., 1981) .
The significant decrease in the numbers of caveoiae seen in the rapidly frozen endothelial cells lends support to the belief that aldehydes may induce membrane fusion events, as reported by other authors (Bretscher and Whytock, 1977; Chandler, 1979; Ornberg and Reese, 1979) . For example, Bretscher and Whytock (1977) prepared fixed and unfixed monolayers of fibroblasts rapidly frozen in Freon 22. They reported fewer caveoiae in the unfixed cells, as compared to the fixed cells and suggested that the caveoiae resulted from the fusion of intracellular vesicles with the plasma membrane after exposure to 1 % glutaraldehyde. Reductions in the number and size of sarcolemmal caveoiae of the rat extensor digitorum longus in rapid-freezing preparations have also been reported by Lee, Rash, and Poulos (in preparation) .
Assuming that a significant number of the vesicles present in endothelial cells are involved in fluidphase micropinocytosis, the actual number attached to the membrane and open to the blood plasma at any instant would have profound effects on the amount of fluid and small colloidal particles taken up and transported across the arterial wall. These data suggest that aortic endothelial cells have a lower proportion of caveolae than that indicated by images obtained from chemically fixed tissue. In turn, this proposed artifact of glutaraldehyde fixation may have significant implications for an understanding of the mechanisms involved in fluid-phase pinocytotic vesicle transport in vascular endothelial cells.
